Abstraction of an H atom from the propyl side chain by hydroperoxyl radicals (HO 2 ) constitutes a central reaction in the low-temperature oxidation of n-propylbenzene (nPB).
Introduction
Alkyl aromatics represent a major fraction in various types of transportation fuels. Thus, congeners of alkyl aromatics may serve as surrogates replicating intrinsic chemical and physical properties of real fuels [1, 2] . In particular, n-propylbenzene (nPB) embodies well the properties of a class of alkyl benzenes in jet and diesel fuels [3, 4] . Previous studies have targeted several combustion characteristics of nPB, including ignition delay [5] , laminar burning velocity [6] and sooting tendency [7] . The earlier work by Litzinger at al. [8] reported oxidation products at around 1060 K and 1 atm in a plug-flow reactor over various equivalence ratios. Dagaut et al. [9] produced profiles of stable species under atmospheric pressure and at temperatures between 900 and 1250 K. Roubaud et al. [5] performed rapid machine experiments on numerous alkylbenzenes, including nPB, over the low temperature range of 600 -900 K. More recently, Brezinsky and Gudiyella investigated oxidative [10] and pyrolytic [11] decomposition of nPB at high pressure behind a reflected shock tube.
Wang et al. [12] constructed temperature-dependent profiles of stable species, intermediates and radicals at low pressure. Chen and Froment [13] addressed thermal cracking of nPB at a temperature range of 893 -1063 K and a pressure of 1.3 atm.
The aforementioned studies formulated detailed kinetic models of the combustion chemistry of nPB. As a consequence of scarcity of kinetic measurements pertinent to reactions of nPB with C x H y and O/H radicals, the studies adopted the reaction rate constants from analogous oxidation systems such as propane, ethylbenzene and toluene. In reference to thermal decomposition and pyrolysis of nPB, Robinson and Lindstedt reported theoretically-derived rate constants for abstraction of an H atom from the propyl side chain in nPB, by H and CH 3 radicals [14] . Darcy et al. [4] predicted the oxidation mechanism of nPB at low temperature to be greatly influenced by the reaction sequence: RH + HO 2 → R + H 2 O 2 , H 2 O 2 + M → 2OH + M. The authors have shown that at 1000 K, HO 2 and benzyl radicals govern the overall oxidation reactivity of nPB. This reaction sequence provides a corridor for the conversion of the relatively unreactive HO 2 radicals into the chain propagating radicals of OH [15, 16] . Whilst the reaction RH + HO 2 → R + H 2 O 2 exhibits a central role in lowtemperature oxidation mechanisms of alkyl benzenes, the addition of HO 2 to phenylalkyl radicals holds comparable prominence. The work of Metcalfe et al. [17] on oxidation of toluene and Darcy et al. on oxidation of nPB [18] demonstrated that, addition of HO 2 to benzyl radical represents the most important reactivity-promoting reaction. Kinetic data for this reaction were extracted from oxidation models on alkanes.
To the best of our knowledge, no kinetic measurements exist for H abstraction from the propyl side chain in the nPB molecule or for subsequent addition of HO 2 to the three possible phenylpropyl radicals. The two-part study of Scott and Walker [19, 20] appears to provide the sole estimate of the rate constants for two alkyl benzenes; i.e., toluene (benzyl) and ethylbenzene (1-phenylethyl) . Thus, the aim of this study is twofold: firstly, to derive reaction rate constants for H abstraction from the three distinct C-H propyl sites in nPB by HO 2 radicals; and, secondly, to investigate the unimolecular decomposition of HO 2 -phenylpropyl adducts. This work complements our ongoing interest in deriving reaction rate constants for H abstraction by HO 2 radicals [21, 22] .
Computational details
Gaussian09 suite of programmes [23] expedited all structural optimisations and energy calculations at the composite theoretical method of CBS-QB3 [24] . The CBS-QB3 method facilitated the initial geometry optimisations and frequency calculations at the B3LYP/CBSB7 level, followed by several successive computations of single-point energies, at very accurate theoretical levels. Aguilera-Iparraguirre et al. [25] found that energy barriers for H abstractions by HO 2 radicals from C 1 -C 4 alkanes vary significantly with the adopted theoretical approach. Their reaction rate constants, estimated based on computed activation energies at the CCSD(T)/cc-pVTZ level, were in accord with corresponding data calculated by Carstensen et al. [26] using the CBS-QB3 composite method.
We also calculated the standard enthalpies of formation by the G3MP2B3 composite method [27] , and derived the rate constants by applying the conventional transition state theory. The one-dimensional Eckart formula served to correct the transmission coefficients for the quantum tunnelling effect [28] . For nPB + HO 2 reactions, we also estimated the transmission coefficients based on the Wigner equation [29] . Reaction pathways of selected transition structures were confirmed by the calculations of the intrinsic reaction coordinates (IRC).
The KiSThelp code aided the computation of the rate constants [30] at the high-pressure limit, with the internal rotations in reactants and transition structures treated as hindered rotors. Overall barriers of internal rotations (mainly -CH 3 , -CH 2 CH 3 , -CH 2 CH 2 CH 3 and -OH) were obtained by performing partial optimisations and dihedral energy scans in reactants and transition structures, correspondingly. Energy calculations and derivation of reactions rate constants for alkanes and other alkylbenzenes systems involved the same theoretical approaches (i.e. CBS-QB3 for structural optimisations and the KiSThelp code for estimations of reaction rate constants).
We completed master equation (ME) calculations for the three phenylpropyl + HO 2 systems using the MESMER code [31] . MESMER solves energy-grained ME to yield timedependent concentrations and phenomenological (i.e. pressure-dependent) rate coefficients based on a procedure described by Bartis and Widom [32] . MESMER implements the conventional RRKM theory [33] for reactions with well-defined transition structures and the inverse Laplace transform (ILT) formalism for barrierless reaction [34] . For helium as a buffer gas, the exponential-down model deploys a down E 〈∆ 〉 value of 500.0 cm -1 . LennardJones parameters for all reactants were adapted from analogous values of toluene [35] .
Results and discussion

Geometries and enthalpies of formation for nPB and its three derived phenylpropyl radicals
Aromatic C-H bonds in alkyl benzenes are significantly stronger (~ 110.0 kcal mol -1 ) than those in the alkyl side chain [36] . Scissions of benzylic, secondary and primary C-H bonds in nPB afford 1-phenyl-1-propyl (R1), 1-phenyl-2-propyl (R2) and 1-phenyl-3-propyl (R3) radicals, respectively. Species identification by synchrotron vacuum ultraviolet photoionisation mass spectrometry (VUV-MS) confirmed the formation of R1, R2 and R3 radicals in a rich premixed flame of nPB at low pressure [37] . Figure 1 depicts geometries of the nPB molecule and the three phenylpropyl radicals. ), abstraction of H atoms from both sites incurs very similar activation enthalpies. Table 3 presents the fitted Arrhenius parameters for all three H abstraction channels, whereas Fig. 2 portrays their branching ratios. At temperatures lower than 600 K, abstraction from a secondary position holds more importance than abstraction from benzylic site, but, at higher temperatures, the latter becomes the dominant pathway.
The relative contribution of the primary C-H channel gradually increases to reach 0.10 at 1000 K. Reaction rate parameters in Table 3 and branching ratios in Fig. 2 indicate that, H abstraction from the propyl side chain, by HO 2 , produces R1 and R2 radicals in competing pathways with small, but not negligible, product flux into R3 at temperatures relevant to lowtemperature oxidation of nPB, i.e. T ≤ 1000 K.
To the best of our knowledge, literature provides no theoretical or experimental estimations of rate constants for the n-propylbenzene + HO 2 reaction. Thus, we elect to compare our calculated values for the system at hand with corresponding literature values for systems of propane, toluene and ethyl benzene. Figure 3 compares our calculated reaction rate constants of the three channels with the corresponding values deployed in kinetic models of Dagaut et al. [9] and Gudiyella and Brezinsky [11] . These two models incorporate the kinetic parameters that were carried over from the system of n-propane + HO 2 based on the recommended values of Baulch et al. [39] , from primary and secondary sites and from the system of toluene + HO 2 for benzylic sites [39] . Comparison is also made with our theoretically-derived values for ethylbenzene [22] . Whilst our calculated estimates at low temperature substantially deviate from the other three sets of data, all appraisals coincide for T ≥ 600 K. For example, as depicted in Fig. 3c , evaluated reaction rate constants for H abstraction from a benzylic site fall within a multiplication factor of 0.14-2.54 of rate constants available in literature, over the entire low-temperature oxidation window of 600 K -1200 K. Our kinetic parameters for H abstraction from primary and secondary sites in nPB remain in a reasonable agreement with the corresponding data for propane compiled by
Tsang [40] . For instance at 600 K and 800 K, we estimate reaction rate constants for H abstraction from primary sites in nPB to be 9. Table 4 reports the calculated reaction and activation enthalpies, fitted Arrhenius parameters and reaction rate constants at selected temperatures for H abstractions from primary and secondary positions in C 3 -C 5 alkanes and C 2 -C 3 alkyl benzenes and from benzylic positions in C 1 -C 3 alkyl benzenes per C-H site. As evident from the calculated values in Table 4 , the length of the alkyl chain in both alkanes and alkyl benzenes exhibit minimal influence on the calculated reaction rates. Moreover, the presence of the phenyl ring exerts only a slight difference, seen by comparing the estimated kinetic parameters for alkyl benzenes with the analogous values of alkanes. ), our calculated rate constants for the two systems are in satisfactory agreements with the analogous experimental measurements. Scott and Walker [20] found that the rate constant for the reaction of HO 2 with ethylbenzene exceeds that of toluene by a factor of 3.0, while our corresponding prediction amounts to a factor of 4.3. A faster overall rate constant for the reaction ethylbenzene + HO 2 , in reference to that of toluene + HO 2 , stems not only from a larger number of abstractable H sites in ethyl benzene but also from a lower A factor in the toluene system. Aguilera-Iparraguirre et al. [25] calculated theoretically reaction rate constants for H abstractions by HO 2 radicals from the two distinct positions in propane, and n-butane, and contrasted their estimations with analogous theoretically derived values of Carstensen et al. [26] and recommended values of Orme et al. [41] , Baldwin et al. [42] , and Scott and Walker [20] . Aguilera-Iparraguirre et al. [25] found that their calculated values reasonably agree with these four sets of data. To benchmark the accuracy of our rate constants calculated for n-propylbenzene + HO 2 reaction, Table 4 also compares our results with those of AguileraIparraguirre et al. [25] for propane and n-butane. As evident from Table 4 , our values coincide with the corresponding data of Aguilera-Iparraguirre et al. [25] within the multiplication factors of ~ 1.00 -2.80.
Unimolecular decomposition of the three hydroperoxyl-phenylpropyl adducts
While alkyl benzene radicals readily isomerise at elevated temperatures or undergo C-H/C-C bond scissions, they are relatively long-lived species at low to intermediate temperatures.
This enables alkyl benzene radicals to interact with reactive species in the combustion media.
Additions of molecular oxygen to benzylic sites in phenylalkyl proceed in barrierless processes [43] , i.e. backward reactions into phenylalkyl + O 2 dominate unimolecular isomerisations of phenylalkyl peroxy radicals. As a result, addition of HO 2 to the three radical sites in R1, R2 and R3 constitutes an active oxidation corridor, especially at low temperatures prior to the establishment of the reactive radical pool. Herein, we investigate unimolecular transformations of the three HO 2 -phenylpropyl adducts.
Potential energy surfaces (PESs)
Addition of HO 2 to radical sites in R1, R2 and R3 proceed with excess energies of 60. Table 5 assembles the calculated kinetic parameters at the high-pressure limit for all elementary reactions governing the unimolecular decompositions of M1 (Fig. 4) , M2 (Fig. 5) and M3 (Fig. 6) . We fit the reaction rate constants in the temperature range of 300 -1500 K at the high-pressure limit. Estimating reaction rate constants for barrierless fission of the C-OOH and O-OH bonds necessitates treatment by the variational transition state theory (VTST) [45] . However, CBS-QB3 composite method could not establish the reliable minimum energy point (MEP) curve along the assigned stretching of the C-OOH/O-OH bonds. This is primarily due to the fact that, functionals composing the CBS-QB3 method comprise single-reference determinants that cannot handle satisfactorily singlet-triplet crossings involved in radical-radical bond fissions.
In previous studies, we utilised a Morse curve [46] and the Yamagushi approximated spinprojection scheme [47] to construct MEP curves. In both cases, we found fitted activation energy from calculations of VTST to be very close to the corresponding reaction energy (i.e. Existing kinetic models for oxidation of nPB assumed that, reactions between HO 2 and phenylpropyl radicals proceed by two pathways [9, 11] Constructed product profiles herein match the corresponding branching ratios based on the high-pressure limit reaction rate constants given in Table 5 .
Time-dependent concentrations and phenomenological rate coefficients
Having discussed product profiles from the three phenylpropyl + HO 2 systems, we are now in a position to elaborate on their plausible importance in oxidation of nPB:
• Our plotted time-dependent product profiles reveal that phenylpropyl + HO 2 reactions result predominantly in the formation of the OH flame-propagating radicals. It follows that these addition reactions serve as a potential source for OH radicals, beside the commonly prevailing low-temperature mechanism of (HO 2 + HO 2 → H 2 O 2 + O 2 ,
• Reactions leading to the formation of the three phenylpropyl ketonic-structures (M4, M10, M15) contribute meaningfully to the fate of the three HO 2 -phenylpropyl adducts, yet they are not included in available kinetic models [43] .
• As addition of oxygen molecule to benzylic site in alkyl benzenes is highly reversible, the exothermic reaction sequence HO 2 + R1 → M1 → M5 + OH → M9 + OH + C 2 H 5
constitutes an important source of the formation of benzaldehyde (M9) that is detected experimentally from oxidation of nPB [11] .
• The kinetic model of Darcy et al. [18] found the reactions involving HO 2 to display a strong promoting effect on oxidation; especially, the reaction of benzyl + HO 2 → C 6 H 5 CH 2 O + OH. As Figure 6 demonstrates, the most accessible channel for R3 + HO 2 produces the benzyl radical.
• In an analogy to the benzyl radical, the resonance-stabilised radical of R1 is expected to be a long-lived species enabling its reaction with HO 2 in the low/intermediate temperature interval.
Conclusions
Similar activation enthalpies and reaction rate constants are obtained for H abstraction by Figure S1 . CBS-QB3 thermal enthalpies, Cartesian coordinates, vibrational frequencies and rotational constants and NASA polynomials of structures presented in the manuscript. Table 1 ∆ f H°2 98 for reference species [50] used in the isodesmic reactions. All values are in kcal mol -1 . 
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